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SINGLE STAGE EXPERIMENTAL EVALUATION OF

HIGH MACH NUMBER COMPRESSOR ROTOR BLADING

PART 4 -_PERFORMANCE OF ROTOR 2D

by

K. W. Krabacher and J. P. Gostelow

," ABSTRACT

A 1400 foot per second tip speed rotor with a 0.5 hub-tip radius ratio and

double-circular-arc blade sections, designed to deliver a total pressure

ratio of 1.76 and a rotor adiabatic efficiency of 0.837 at a flow of 215.49

ibs/sec, was tested with uniform inlet flow. For a point at design speed,

judged to have adequate stall mar_in for engine operation, a rotor total

pressure ratio of 1.677 and an adiabatic efficiency of 0.854 at a flow of

226.0 ibs/sec were actually achieved.

SUMMARY

A 1400 foot per second tip speed rotor, designed to have a diffusion factor

of 0.45 at the tip_ was tested with uniform inlet flow. A double-circular-

arc blade element design was used for the entire blade height. The hub-tip

radius ratio at cotor inlet is 0.50. Neither inlet guide vanes nor a

stator row were employed.

The rotor was designed to deliver a total-pressure ratio of 1.76 and a rotor

adiabatic efficiency of 0.837 at a flow of 215.49 ibs/sec. For a point at

design speed, judged to have adequate stall margin for engine operation, a

rotor total pressure ratio of 1.677 and a rotor adiabatic efficiency of

0.854 at a flow of 226.0 [bs/sec were actually achieved. Peak rotor

adiabatic efficiencies of 0.9507 0.9587 0.917_ 0.8757 and 0.814 were

obtained at 50, 70, 907 i00 and llO percent of design speed, respectively.

Blade element data were obtained from measurements over a range of speeds

from 50% to li0% design speed. Results of these blade element measurements

were used to show the variation of deviation angle, diffusion factor and

loss coefficient as a function of incidence angle for five radial immersions.

The rotor was also stalled at these speeds and overall performance data were

obtained while in stall. The stall type was rotating stall at all speeds.

INTRODUCTION

In the early 1950's a test program was initiated at the NACA Lewis Laboratory

to provide blade element data for double-circular-arc airfoil sections to be

applied to the design of transonic rotors (ref. l). Available experimental



and analytical data indicated that such airfoils produced a good chordwise
loading and could be used in transonic compressors with resulting high
efficiencies at relative Machnumbersup to 1.2 (ref. 2).

During the last fifteen years the development of axial-flow compressors for
todays' aircraft engines has•Yesulted in high blade speeds and stage loadings.
This leads to higher relative Machnumbersand can cause severe efficiency
penalties due to the presence of shocks. It is the purpose of the current
experimental program to determine the performance potential of such
rotors and to obtain data that will aid in the selection of optimum blade
sections.-

A n_w type of blade shape has been employed in general for this test series.
The camber line consists of two circular arcs that are mutually tangent at the

point where they join. The front arc is identified as the supersonic arc,

and the rear arc is identified as the subsonic arc. The term, camber ratio,

refers to the ratio of the camber of the supersonic arc to the total camber.

Blade elements developed in this way are called multiple-circular-arc elements;

the double-circular-arc airfoil is a particular case in which the supersonic

arc and the subsonic arc have the same curvature. Rotor 2D, the third of

four medium-aspect-ratio rotors, has such a double-circular-arc section along

the entire span. The blade shape thus represents a link between the present

series of tests and the earlier NACA series. The double-circular-arc tip

element has a camber ratio of 0.65 and a diffusion factor of 0.45.

Details of the design of this rotor and the other rotors to be evaluated are

given in reference 3. This report presents overall performance and blade-

element results of tests on Rotor 2D with a uniform inlet flow.

SYMBOLS

The following symbols are used in this report:

2
A flow area, in

A •

J
area represented by each discharge rake element. This is the

area of an annulus bounded either by radii midway between
2

those of two adjacent elements or by the hub or easing, in

distance along chord line to position where maximum perpendi-

cular displacement between camber line and chord line occurs, in

C h enthalpy-equivalent static-pressure-rise coefficient,

2gJc
ptl _i

C h = ,2
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static-pressure-rise coefficient,

_ P2 Pl
C
P PI - Pl _--

blade-chord length_ in

specific heat at constant pressure, Btu/ib-°R

diffusion factor,

V_ r2Ve2 - rlV01

D:1 - v-7+ 2 ov{
2

acceleration due to gravity, 32.174 ft/sec

incidence angle, difference between air angle and camber

line angle at leading edge in cascade projection, deg

unit vector in direction of intersection of axisymmetric

stream surface and blade mean surface.

mechanical equivalent of heat, 778.161 ft-lb/Btu

Mach number

total or stagnation pressure, psia

compressor inlet average total pressure, psia

arithmetic average total pressure at j immersion, psia

static or stream pressure, psia

radius, in

mean radius, average of streamline leading-edge and trailing-

edge radii, in

total or stagnation temperature, °R

arithmetic average total temperature at j immersion, °R

static or stream temperature, °R

blade thickness, in
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V

V
zj

W

Z

Y
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blade edge thickness_ in

blade maximum thickness, in

rotor speed, ft/sec

air velocity_ ft/sec

average axial velocity at j immersion, ft/sec

weight flow, ib/sec

displacement along compressor axis_ in

air angle, angle whose tangent is the ratio of tangential

to axial velocity, deg

ratio of specific heats

blade-chord angle, angle in cascade projection between blade

chord and axial direction, deg

O

_O
J

r l

_o

total pressure , psia
ratio:

standard pressure [4.696 psia

deviation angle, difference between air angle and camber line

angle at trailing edge in cascade projection, deg

meridional angle, angle between tangent to streamline projected

on meridional plane and axial direction, deg

ratio:
total temperature , °R

standard temperature 518.688°R

angular displacement about compressor axis, deg

e f ficiency

angle between cylindrical projection of i and axial

direction, deg <

static or stream density, Ib-sec2/ft 4

solidity, ratio of chord to spacing

camber angle, difference between angles in cascade prniection

of tangents to camber line at extremes of ¢a_tlber line arc_ deg

stream function; _h = 0, _c = i



Subscripts:

a

ad

an

avg

r
C

d

e

h

J

m

P

S

t

t

U

Z

0

t

2

total-pressure-loss coefficient

point on cambe_line where maximum camber line rise occurs

adiabatic

annulus value

arithmetic average at any plane

tip or casing at any plane

downstream

equivalent two-dimensional cascade

hub at any plane

immersion

meridional direction

polytropic

suction surface

tip at rotor leading-edge plane

total when referring to blade element

upstream

with respect to axial displacement

with respect to meridional displacement

leading edge

trailing edge

0.05, 0.95, 1.51

Superscripts:

I

1.57 instrumentation plane designations (fig. 5)

critical flow condition

relative to rotor
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APPARATUS AND PROCEDURE

Test Rotor

The design of the rotor used i_ this test investigation is presented in

reference 3 in which it is identified as Rotor 2D. The rotor was designed

for a corrected weight flow per unit frontal area of 29.66 ibs/sec per

square foot. With the selected rotor tip diameter of 36.5 inches and the

hub-tip radius ratio of 0.50_ the design corrected weight flow is 215.49

ibs/sec. The selection of a rotor tip solidity of 1.3_ a diffusion factor

of 0.45, zero inlet swirl, a rotor tip speed of 1400 ft/sec_ and an axial

velocity ratio of 0.91 permitted the calculation of the change in angular

momentum across the rotor at the rotor tip. This change in angular momentum

with a suitable rotor total-pressure-loss coefficient derived from the NASA

method of references 4 and 5, resulted in a design rotor total-pressure

ratio of 1.76. The design total-pressure ratio was held constant radially.

Because the loss correlation resulted in radially varxing losses_ a radial

variation of the change in angular momentum was used in the design vector

diagram calculations.

Double-circular-arc blade sections were used in the cascade projection*

over the entire radial height of the blade. The same double-circular-arc

blade sections were used for all Rotors 2 from the hub outward to approximately

the 60% span location. However_ for this rotor the portion of the blade

outboard from the shroud also had a double-circular-arc section, resulting

in a camber ratio of 0.65 for the tip element.

Tabulations of the blade design data appear in table i. A view of a portion

of the assembled rotor appears in figure l(a) and a close up of the tip

section is presented in figure l(b).

In order to assess the quality of the blading, after manufacture, the

blading was inspected using the contour layouts from six of the twelve

manufacturing sections for six blades selected at random. A meridional

view of the rotor appears in figure 2 and the inspected sections are

identified by asterisks. At each manufacturing section the average of

the six blades was obtained and was compared with the design intent. The

results of the comparisons of the average blade sections with design

intent appear in figures 3(a) through 3(f). These results indicate that

most of the sections were more closed than the design intent in the trailing

portion of the blade. Further investigation revealed that there was a

manufacturing discrepency in the part-span shroud. The error in the shroud

permitted the blade to open up more than design intent and partially compen-

sated for the discrepency in the blade-traillng edge. Final conclusions

*As described in reference 3, the cascade projection is obtained by viewing

the intersection of a blade and an axisymmetric stream surface in the radial

direction. The justification for the use of this projection is given in

reference 6.
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on the blade inspections are that generally the sections from the shroud

outward were open about 0.3 ° and those from the shroud inward were closed

about 0.3 ° from design intent.

The average running tip clearance at 100% speed was 0.042 inches.

Test Facility and Instrumentation

Performance tests of this rotor were made in General Electric's House Compressor

Test Facility, in Lynn 7 Massachusetts. The general aspects of the test

set-up are "shown in figure 4 and described in detail in reference 7 • The

majority of the instrumentation was identical with that used in reference 7

and the locations are illustrated in figures 5 and 6. The difference in

hub contour between Rotor I and Rotors 2 resulted in different radii for

all of the instrumentation except the inlet pitot-static and casing boundary

layer rakes. Photographs of fixed instrumentation used for Rotor 2D appear

in figure 7. Photographs of the traverse probes and the hot-wire probes

are presented in figure 8.

General Test Procedure

The following test sequence was followed in general during the testing of

this rotor. With the throttle valve set to deliver approximately the design

total-pressure ratio at 100% corrected speed_ data were recorded from fixed

instrumentation at 50%, 70%, 90%_ 100% and 110% corrected speeds. (When

only fixed instrumentation measurements are taken, the data readings are

termed green readings). The test rotor was returned to 50% corrected speed

and the throttle valve closed until the limit of stall-free operation was

achieved. With the throttle re-set so that the vehicle operated as close

to stall as feasible, blade-element data and a green reading were recorded.

This procedure was repeated at 707 90, 1007 and ii0 percent corrected speed

to establish the limit of stall-free operation and to obtain blade element

and green reading data early in the test. Blade element and green reading

data were then recorded over the remaining range of stall-free operation

up to the maximum facility flow capacity for 100%, 90% and 110% design speed.

Difficulties were encountered in determining the total-pressure ratio for

green reading data at 50% and 70% corrected speeds. The level of the abso-

lute total pressure at the rotor discharge was below the high accuracy range

of the transducers for these conditions. The data recording system was

modified for these speeds to record the discharge total pressures as

differential pressures with the manifolded inlet total pressure as the

reference. This method resulted in more reliable green reading data at

50% and 70% design speeds.

Blade element and green reading data were recorded over the remaining portion

of the stall-free operating range up to the maximum facility flow capacity

for 50 and 70 percent corrected speed.

10



Prior to the conclusion of the test the throttle valve was closed until
the rotor was operating in stall where green reading and hot-wire data

were recorded at each speed.

Testin_in the Stall-Free Region

For all speeds the throttle positions at which data were recorded in the

stall-free region of operation were generally selected to permit ease in

defining the speed line and to document the peak efficiency. At low speeds

this led to a relatively even spacing whereas at higher speeds the throttle

posit%ons'were concentrated in the higher pressure ratio region where

incidence variations occur.
r

At the rotor inlet traverse location, the static pressure wedge was set to

zero flow direction and the cobra probe was allowed to seek its nulled

position. At the rotor exit traverse location the static pressure wedge was

manually rotated to the angle orientation established by the nulled position

of the cobra probe; since stationary vane rows and struts were relatively

far removed from this plane r circumferential variations of angle were presumed

to be sufficiently small not to affect the pressure read by the wedge static

probe. Probe immersion indicators aL_d the probe aerodynamic parameters were

connected to conventional X-Y plotting equipment. In general, continuous

traverses were only recorded for the rotor exit flow angle; these were used

to give an indication of the radial extent of the part span shroud wake.

Recording of data from the traversing probes at the standard immersions was

achieved by means of a digitized read-out on punched paper tape, as was also

the case for the recording of data from fixed instrumentation.

Testing in the Stalled Region

Rotating stalls were encountered_ on closing the throttle valve, at all

speeds. The rotor was stalled twice at each speed_ the limit of stall-

free operation being established by closing the throttle valve slowly until

distinct changes in the stress levels and performance were noted. For the

first stall at each speed the three traverse hot-wire anemometer probes

were immersed at the 10%, 50% and 70% immersions. In this way a knowledge

of the radial extent of the rotating stall cells was gained. For the

second stall the hot-wire anemometer probes were all set at the 10% immersion

so that information was obtained from which the speed and number of rotating

stall cells could be deduced. A green reading was recorded simultaneously

with the hot-wire data with the rotor in stall.

RESULTS AND DISCUSSION

Overall Performance

The compressor map of the test rotor is shown in figure 9. The inlet total-

temperature level was established as the arithmetic average of 24 inlet

iI



temperatures measured in the low velocity region at the facility inlet

screen (fig. 4). The rotor exit total-temperature and total-pressure

ratio were established on the basis of fixed probe readings by a mass

weighting routine_ as follows. At each immersion_ measurements from all

circumferential locations were arlthmetically averaged. The static pressure

was assumed to vary linearly from hub to casing based on the measured

average hub and casing values. With static pressur% total pressure, and

total temperature known, static density and absolute velocity were computed

at each immersion. The tangential velocity was obtained from the total-

temperature rise and the Euler turbomachinery equation, and this, together

with the absolute velocity and the design meridional streamline angle_

gave the axial velocity. The discharge total-temperature and total-pressure

ratfo were then obtained from the following equations:

5

_---- TjpjVzjA j

T= j =i , (i)

_-- pjVzjA j

j = i

Pin

P.
in

¥-1 ] _

Y -I y -I

{:jVzjAj +

5

___ _jVzjAj

.j = i

(2)

These quantities were used with the real gas properties of dry air to compute

the rotor adiabatic and polytropic efficiencies.

The corrected weight flow was obtained from the calibrated venturi flow

nozzles. For several points close to stall at 50% corrected speed the mea-

surements of flow obtained from the venturi flow nozzles proved unreliable.

A similar problem was encountered during the testing of Rotor iB (ref. 7)

and was resolved by establishing a relationship between the integrated flow

from the rotor inlet traverse probe and the nozzle flow. Using this

correlation and the integrated flow, the compressor flow was determined

for all of the data at 50% corrected speed.

In reference 7_ the performance at 100% corrected speed was compared with

the design point by passing a constant throttle line t_ _ough the design

point and noting the intersection with the 100% corrected speed line. When

this procedure is used on the Rotor 2D performance map (fig. 9) the resulting

operating condition is too close to stall. For conditions at design speed,

judged to have adequate stall margin for engine operation, a rotor total-

pressure ratio of 1.677 and a rotor adiabatic efficiency of 0.854 were
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actually achieved at a flow of 226.0 ibs/sec. The rotor was designed to

deliver a total-pressure ratio of 1.76 and a rotor adiabatic efficiency of

0.837 at a flow of 215.49 ibs/sec. Peak rotor adiabatic efficiencies of

0.950, 0.9587 0.9177 0.8757 and 0.814, were obtained at 507 70, 907 1007

and ii0 percent of design speed-respectively. A completed listing of the

overall performance data (green readings) appears in table 2.

Stall Performance

The throttle position representing the limit of stall-free performance of

the rotor as the throttle is closed was recorded. With this information and

performance data at throttle positions close to the stall throttle position

it is possible to extrapolate each speed line on the compressor map to the

limit of stall-free operation. The stall line determined in this manner

is shown in figure 9. The overall performance measurements, recorded while

the rotor was operating with stall present, appear as solid symbols in

figure 9. The flow was quite unsteady for these readings leaving the

absolute accuracy open to question, but indicating a notable decrease in

performance.

Samples of the hot-wire anemometer data appear in figure i0. These are

copies of Visicorder traces from the three anemometers. In figure 10(a)

the anemometers are at iL_ersions of 10%, 50% and 70%. A study of such

traces gives an indication of the radial extent of the stall cells. In

figure 10(b) all of the anemometers are at 10% immersion. The amplititude

of the trace in figure 10(b) at the iii ° position is greater than the correct

level due to a data recording error. Under ideal conditions the trace in

figure lO(a) at the 10% immersion would be identical to the trace in figure

10(b) at the 33 ° position since both are recorded at the same radial and

circumferential Location. Examination of these two traces reveals a general

similarity but they arc not identical because of slight variations in data

recording techniques.

The number and speed or the rotating stall cells was calculated using the

method described in reference 7 on traces similar to figure lO(b). These

data and other stall performance information are presented in figure lO(c).

Blade-Element Performance

For presentation of the data from traverse probes located upstream and

downstream of the rotor, a method of adjusting the data to obtain conditions

at the blade edges was used. Knowing the measured total pressure, total

temperat,,re, static pressure and flow angle at each immersion and using

the design meridional streamline angle, the meridional Mach number and all

velocity components at each measurement plane may be calculated. Application

of the condition of constant angular momentum along design streamlines

yields the tangential velocity at each blade edge. It is assumed that the

shape of each meridional stream tube, between a measurement plane and its

13
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adjacent blade edge, remains fixed at the design shape for all data

conditions. The meridional Mach number at a measurement plane may then

be used to determine the meridional Mach number at the blade edge by use

of the relationship shown in figure II. This method is not strictly

correct at the trailing edge w_eme there may be an appreciable swirl

velocity together with a cha_ge in radius between the edge and the

measurement plane. Nevertheless_ since the radius changes are not large,

the method should be a very good approximation. With the tangential

velocities and the meridional Mach numbers at the edges thus obtained,

and with measured stagnation conditions assumed to be constant along the

design streamlines, the velocities_ Mach numbers, and all of their

components may be determined at the blade edges. The constant physical

quantities used in these computations at the measurement planes and at

the edges are given in table 3.

In order to check out this procedure and to determine small differences

due to calculation technique, design values of total pressure, total

temperature, static pressure and flow angle were used in a simple calcula-

tion. Treating this information as though it were test data, the

calculation routine was used to give design point blade element performance,

yielding the data listed in table 4. Some indication o_ the small differences

which can occur is indicated in table 4 by the leading edge and trailing edge

check weight flow/nozzle weight flow ratios. The integrated flow at the

upstream (plane 0.95) and downstream (plane 1.51) measurement planes is

divided by the nozzle flow, which was set equal to the design flow for the

check case. Table 5 is included to give a more complete description of the

abbreviations used.

Complete listings of blade element data are given in table 6 and graphs of

some blade element data, plotted as a function of incidence angle_ are

presented in figure [2.

Measurements of discharge stagnation temperature taken from the fixed

instrumentation were judged to be more reliab!e than those from the cobra

traversing probes. Efficiency, loss coefficient and loss parameter were

therefore processed by separate computation_ using fixed instrumentation

stagnation temperatures and pressures in conjunction with the inlet

relative Mach number obtained from the traverse probe data. The results

or this computation are given as an addition in table 6 and loss coeffi-

cients obtained in this way are ptotted in figure 12.

Examination of the blade-element data and the flow angle traverses in the

rotor discharge plane revealed that the 50% immersion data were partially

immersed in the wake of the part-span shroud. Similar results were observed

and illustrated in figure 14 of reference 7 and figure 13 of reference 8.

This e_tect can be seen in some of the unusually high values of loss coeffi-

cient for the third radial position on the blade element data. Generally

the influence of the shroud wake on the 50% immersion reading increased

when the throttle position was close to stall or approaching maximum

facility flow.

[4
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Table i. - CascadeProjection Data for Rotor 2DBlade Setting•
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Table 2. - Overall Performance based on Fixed Instrumentation

Rdg.* Total Rotor Corrected Rotor speed. Throttle Operating **Pressure

press, adiab, weight percent valve mode measurement

ratio eff. flow design setting system

Ib/sec

. °

1 1.153 .9640 124.35 50.02 11.7 Stall free Abs.

2 1.322 .9545 174.63 70.03 11.7 Stall free Abs.

3 1.620 ,9089 212,_0- 90.05 11.7 Stall free Abs.

4 1.785 .8697 224.69 I00.i0 11.7 Stall free Abs.

5 1.837 .8063 233.60 110.06 13.0 Stall free Abs.

6T 1.174 .9055 99.4 50.03 5.0 Stall free Abs.

7T 1.361 .8950 149.26 70.05 6.5 Stall free Abs.

• r 1.671 .8910 201.26 90.05 9.4 Stall free Abs.

9T i._24 .8657 223.56 100.06 10.9 Stall free Abs.

10T 1.943 .8118 232,99 110.05 11.5 Stall free Abs.

liT" 1.369 .7775 225.67 99.98 50.0 Stall free Abs.

12T 1.566 .8275 226.40 100.03 15.0 Stall free Abs.

13T 1.612 .8313 226.08 99.98 14.0 _tall free Abs.

14T 1.685 .8551 225.76 100.02 13.0 Stall free Abs.

15T 1.738 .8725 225.91 99.90 12.3 Stall free Abs.

16T 1.782 .8715 225.24 100.06 11.7 Stall free Abs.

17T 1.805 .8815 224.31 99.94 ii.3 Stall free Abs.

18T 1.318 .8318 215.50 90.02 50.0 Stall free Abs.

19T 1.509 .8980 216.05 90.03 14.0 Stall free Abs.

20T 1.556 .8996 214.88 90.04 13.0 Stall free Abs.

21T 1.115 .9341 144.0 50.05 50.0 Stall free Diff.

22T 1.124 .9504 137.5 49.96 25.0 Stall free Diff.

23T 1,140 .9445 127.2 50.02 15.0 Stall free Diff.

24T 1.149 .9221 121.6 50.01 11.7 Stall free Diff.

25T 1.157 .9253 114.8 50.04 9.0 Stall free Diff.

26T 1.164 .9138 107.4 50.01 7.0 Stall free Diff.

27T 1.215 .9006 187.52 70.06 50.0 Stall free Diff.

28T 1.291 .9471 179.75 69.97 15.0 Stall free Diff.

29T 1.313 .9683 174.55 69.96 12.3 Stall free Diff.

30T 1.319 .9494 172.76 70.02 11.7 Stall free Diff.

31T 1.346 .9407 163.61 70.04 9.0 Stall free Diff.

32T 1.355 .9204 154.06 69.91 7.5 Stall free Diff.

33T 1.621 .9180 212.89 90.02 II.0 Stall free Abs.

34T 1.646 .9174 209.41 90.00 II.0 Stall free Abs.

35T 1.659 .9156 205.74 89.97 10.3 Stall free Abs.

36T 1.440 .7455 233.90 Ii0.01 50.0 Stall free Abs.

37T 1.748 .7944 233.91 110.14 14.0 Stall free Abs.

38T 1.829 .8099 233.84 109.99 13.0 Stall free Abs.

39T 1.889 .8138 233.13 110.03 12.3 Stall free Abs.

40T 1.908 .8128 233.00 109.95 12.0 Stall free Abs.

41T 1.932 .8131 232.06 110.04 11.7 Stall free Abs.

42 1.934 .8136 232.45 110.08 11.7 Stall free Abs.

43 1.784 .8711 225.66 100.06 11.7 Stall free Abs.

44 1.807 .8766 224.31 100.14 11.3 Stall free Abs.

45 1.824 .8741 223.54 100.17 ii.0 Stall free Abs.

46 1.687 .8544 225.52 100.05 13.0 Stall free Abs.

47 1.623 .9123 212.06 90.12 11.7 Stall free Abs.

48 1.381 .9617 183.87 75.06 11.7 Stall free Abs.

49 1.325 .9579 172.71 70.10 11.7 Stall free Abs.

50 1.226 .9655 146.17 60.07 11.7 Stall free Abs.

51 1.154 .9611 122.83 50.06 11.7 Stall free Abs.

52 1.883 .7699 220.26 Ii0. II 10.7 Stalled Abs.

53 1.740 .8018 207.55 100.09 i0. i Stalled Abs.

54 1.587 .8046 184.22 90.10 8.4 Stalled Abs.

55 1.277 .7354 128.02 70.01 5.4 Stalled Abs.

56 1.151 .7877 91.03 50.04 4.1 Stalled Abs.

*The letter "T" following the reading number indicates Blade-Element Performance data were

recorded.

**Abs. - Instrumentation arranged to record absolute pressure at rotor inlet and exit.

Diff. - Instrumentation arranged to record difference between rotor inlet and exit pressures.
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Figure l(a). - Partial view of Rotor 2D.
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NCHES

Figure l(b). - Close-up view of tip section of Rotor 2D.

58



o

MF
L_
K_

j_

HI
_F-

_j-_

"_H_

Ef T ;E"
I

Figure 2. - Meridional view of rotor. Probograph inspection sections are

indicated by asterisks.
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COMPRESSOR AXIS

Figure 3(a). - Cylindrical cut of blade at section KK. The solid line represents design

intent and the dashed line represents the average of six measured samples.
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Figure 4. - House Compressor Test Facility.
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Figure 5. - Meridional view showing location of instrumentation.
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(a). - Inlet pitot-static rake. (b). - Casing boundary layer rake.

Figure 7. - Photographs of fixed instrumentation.
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_ 5.302"

(c). Discharge total temperature rake. (d). Discharge total pressure rake.

Figure 7. - Photographs of fixed instrumentation.
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(a). Shielded hot wire probe.

(b). - Cobra probe for sensing flow angle, total pressure

and total temperature.

(c). - Wedge probe for sensing static pressure.

Figure 8. - Photographs of traverse instrumentation.
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Immersion

10_

70_

(a) S_mpleof hot wire anemometertraces at 90 percent design rotor speed.

Circumferential

probeposition

33°

111°

243°

(b) Sampleof hot wire anemometertraces from 10 percent immersion at 90 percent design rotor speed.

Rotor speed, Number of Stall cell speed Radial extent Throttle setting

percent design stall cells Rotorspeed of stall cell at stall

2 .68 Full span 4. 10
70 3 .69 Full span 5. 45
90 1 .59 Full span 8. 45

100 1 .61 Full span 10.10
110 1 .61 Full span 10.70

(c) Tabulationof stall data

Figure 10. - Sample hot-wire traces and tabulation of stall data.
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Figure 11. - Relationship between flow function and meridional Mach number -

used for transferring traverse measurements to blade edges.

Dashed lines with arrows and inset formulas indicate calculation

sequence for sample case at leading edge.
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Figure 12(a). - Bladeelement data measured at 10% immersion from tip.
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Figure 12_b). - Blade element data measured at 30°Ioimmersion from tip.
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Figure 12(c). - Blade element data measured at .50%immersion from tip.
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